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Abstract
The purpose of the current study is to investigate the effect of temperature dependent thermophysical properties on thermal
radiative loading characteristics of an enclosure. The results are studied the effect of heating number (ζ = 0.05–500), aspect ratio
(A = 0.1–1), the number of heaters (N = 1–19), on the maximum and mean temperature of system, Nusselt number, and the
maximum stream function rate have been quantitatively analyzed. The results reveal that the average heat transfer rate considering
temperature-dependent viscosity are higher than considering temperature-dependent thermal conductivity and both temperature-
dependent viscosity and thermal conductivity and the stream function are lower.
c⃝ 2016 The Author. Production and Hosting by Elsevier B.V. on behalf of Nigerian Mathematical Society. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction
When a hypersonic vehicle, such as a planetary-entry capsule or a high-lift reentry vehicle Space Shuttle or a
scramjet-powered aircraft, is designed to fly outside the region of the earth’s atmosphere for distances of 5000 miles
or near the outer edge of the atmosphere; it reenter the atmosphere with a large amount of kinetic energy due to its
high velocity at suborbital speediness of from 20,000 to 22,000 ft/s and a large amount of potential energy due to
its high altitude. At such high velocities, the aerodynamic heating of the reentry vehicle becomes severe because it
needed that at the earth’s surface it contains no kinetic or potential energy (Qtotal ≈ 0.5C f /CD KE). Since the shuttle
must slow down early during reentry into the earth’s atmosphere to avoid massive aerodynamic heating. Therefore,
with the purpose of obtain this deceleration; a high drag is desirable for the space shuttle. In addition, the pointed-nose
reentry body is doomed to failure because it would burn up in the atmosphere before reaching the earth’s surface. To
minimize aerodynamic heating (C f ≪ CD), one actually wants a blunt (Drag mainly should be due to pressure drag
rather than friction drag) rather than a slender body (the maximum L/D ratio, 6+12/M∞, of the space shuttle during
reentry is about 2) [1].
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Nomenclature
Symbol Description Unit
A Aspect ratio, = H/L
C p Heat capacity J/kg K
D Heater characteristic size m
Fi j Configuration factor
g Acceleration due to gravity m/s2
H Enclosure height m
k Thermal conductivity W/m K
k¯ Dimensionless thermal conductivity, k/k∞
L Enclosure width m
N Number of heat source
Nu Nusselt Number, = Lq ′′/k(Tmax − T∞)
p Pressure Pa
P Dimensionless pressure, = (p − p∞)L2/ρα2
Pr Prandtl number, = υ/α
q ′′ Heater heat flux W/m2
Ra Rayleigh number, = gβq ′′L4/k f αυ
T Temperature K
U, V Dimensionless fluid velocities, = uL/α; vL/α
x, y Cartesian coordinates m
X, Y Dimensionless Cartesian coordinates, = x/H ; y/H
Greek symbols
A Thermal diffusivity m2/s
B Volumetric coefficient of thermal expansion 1/K
δi j Kronecker delta
E Surface emissivity
ζ Heating number, dimensionless heat flux, = q ′′/σT 4∞
M Dynamic viscosity kg/m s
µ¯ Dimensionless dynamic viscosity, µ/µ∞
Υ Kinematic viscosity, = µ/ρ m2/s
P Fluid density kg/m3
Ψ Stream function m2/s
Ψ Dimensionless stream function, = ψ/α
Ω Dimensionless vorticity function
θ Dimensionless temperature, = k f (T − T∞)/(q ′′L)
Θ Dimensionless temperature, = T/T∞
Superscript
M Average
max Maximum
min Minimum
∞ Ambient value
Other than shuttles, the hypersonic vehicles for sustained hypersonic flight in the atmosphere are a major challenge
to the next generation of aerospace engineers (the X-43 Hyper-X test vehicle powered by a supersonic combustion
ramjet engine, achieved sustained flight for 11 s at Mach 6.9 in 2004). The aerodynamic heating rate varies as the
cube of the velocity (Qw/A ≈ 0.5ρ∞ CHV 3 ≈ 0.25ρ∞ C f V 3) is in contrast to aerodynamic drag, which varies only
as the square of the velocity. Even ambient density at a height of about 74 km is not much more than one millionth
of sea-level density, the Shuttle Orbiter experienced peak heating. Since the nose region of high-speed blunt bodies
is of practical interest in the calculation of drag and aerodynamic heating (qw ≈ R−1/2), the properties of the flow
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Fig. 1. Required heating of a sample shuttle as a function of its distance from nose.
behind the normal portion of the shock wave take on some importance. Because when a shock wave impinges on
the boundary layer, flow separation and local reattachment may occur, creating local regions of high heat transfer.
As the stagnation point heating varies inversely with the square root of the nose radius; hence to reduce the heating,
increase the nose radius (q ′′w ≈ 1.83 × 10−12ρ1/2∞ V 3R−1/2(1 − 2cpTw/V 2)). The static temperature ratio across a
normal shock wave with M∞ = 36 is 42. It means if the air be at 258 K the surface would be at 11 000 K. Since
thermal radiation from the hot gas becomes a substantial portion of the total heat transfer to the body surface. In the
design of the Apollo heat shield, the portion of radiation to the total heat transfer to the body surface was considered
0.3. Fig. 1 show the required heating of a sample shuttle as a function of its distance from nose which the conditions
are mentioned in the figure. In the history of flight, the most unfortunate example of such destruction occurred on
February 1, 2003, when the space shuttle Columbia crumbled over Texas during entry into the earth’s atmosphere.
Several of the thermal shield tiles near the leading edge of the left wing had been damaged by debris during launch.
This allowed hot gases to penetrate the surface and destroy the internal wing structure [2].
To simulate such phenomena on a specimen for quality verification, the thermal loading should apply on the
sample [3]. Thermal convection and thermal radiation are two of the three basic modes of heat transfer [4]. The
first thermal exchange phenomenon involves mass transfer and the second do not required the material medium to
exchange the heat [5]. The natural convection which is the type of the thermal convection occurs in the fluids with
temperature dependent density and the fluid is not required the external instruments for instance fans or pumps and
then the electrical supply [6]. Natural convection in an open cavity has application in electrical industries, aeronautics,
computers, automobile, maritime transportation, solar, geothermal, and terrestrial tools [7]. In some situations in
thermal electronics, the fluid is heated by discrete heat sources. The discrete heat sources sometimes are stripes at wall
and sometimes are superimposed rectangles [8]. In addition, there are many experimental works on this issue [9–12]
which the problem is finding the thermal characteristics of the heating systems [13] or heat sources optimization [14].
The majority of the previous work has dealt with the situations in which the thermophysical properties of the fluid have
been taken to be constant. The effect of temperature dependent viscosity [15–18], thermal conductivity [19–21], and
surface tension [22] are considered in the literature. Study of a variable (temperature-dependent exponential model)
viscosity fluid through a channel with parallel plates which has done by Makinde [17] reveals the significant properties
of flow structure and thermal criticality conditions. This thermal ignition criticality conditions and their dependent
on viscous heating parameters are accurately obtained. Recently there are some numerical [23,24] on the effect of
radiation in an enclosure with discrete heaters are reported, but both of them consider the constant fluid properties.
In the present study, the goal is to determine the effect of temperature dependent thermophysical properties on
thermal characteristics of an open cavity. That aim is obtained by investigate the effect of parameters such as heating
number, aspect ratio, the number of heaters, and thermal radiation on the maximum and mean temperature of the open
cavity, thermal loading characteristics of the system, on Nusselt number, and on the maximum stream function by
considering ideal gas law for density and temperature-dependent thermal conductivity and viscosity.
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Fig. 2. Schematic of the enclosure with discrete heaters, the coordinate system and boundary conditions.
2. Problem definition and mathematical model
The schematic of the open cavity is shown in Fig. 2. As shown the lower wall is at constant temperature and the
upper wall is adiabatic. Due to symmetry, only half of the heaters in cavity is presented. The heaters are installed at a
distance from the bottom wall of, as shown by Fig. 2. The energy generated by the discrete heaters is removed from
the cavity by air circulation. In addition the aspect ratio for the cavity is assumed values of 0.1, 0.3, 0.5, 0.7, 0.9, and
1. The aspect ratios are for shallow cavities up to square cavity, because the thermodynamic efficiency of that furnace
decreased by increase of heating distance.
In writing the governing mass, momentum and energy equations the following is assumed: the flow is laminar,
fluid is Newtonian, viscous heat dissipation is neglected, walls are diffuse and grey, and the fluid is a non-absorbing
medium.
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in which
ρ = P
RT
(4)
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(δi j − Fi j )σT 4j =
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(δi j − (1− ε j )Fi j )
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(7)
in which
k = 2.6482× 10
−3T 1/2
1+ 245.4× 10−(12/T )/T (8)
C p = 955.1141+ 6.7898× 102T + 1.6576× 10−4T 2 − 6.7863× 10−8T 3 (9)
with the dimensionless variables defined: H as the length scale, α/L as the velocity scale, Lq ′′/k as the temperature
scale, ρα2/L2 as the pressure scale, the non-dimensional governing mass, momentum and energy equations,
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respectively:
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= 0 (10)
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The local Nusselt number, the dimensionless vorticity and the stream function are:
Nu = q
′′
k(T )max −T∞ (15)
U = −∂ψ
∂Y
, V = ∂ψ
∂X
, Ω = ∂
2ψ
∂X2
+ ∂
2ψ
∂Y 2
(16)
where ψ is zero on the solid surfaces and the streamlines are drawn by 1ψ = (ψmax −ψmin)/n with n is the number
of increments. As shown in Fig. 3 the boundary conditions for the system are:
On bottom wall surface (Y = 0):
U = V = 0 ∂P
∂y
= 0 Θ = 1. (17)
On adiabatic wall (Y = A):
U = V = 0 ∂P
∂Y
= 0 ∂Θ
∂Y
= 0. (18)
On the heaters:
U = V = 0 ∂P
∂n
= 0 q ′′ = −k ∂T
∂n
. (19)
On the symmetry line (X = 0):
∂P
∂X
= 0, U = 0, ∂Θ
∂X
= 0, ∂V
∂X
= 0. (20)
On the opening (X = 1):
P = P∞ − ρu2in,
∂V
∂X
= 0, ∂U
∂X
= −∂V
∂Y
, Θ = 1 if U < 0, ∂Θ
∂X
= 0 if U ≥ 0. (21)
3. Results and discussion
Since in high temperature applications the temperature of the heat sources are not known, in this paper method is
introduced to estimate them and use it for thermophysical properties calculations to decrease the error of fluid flow
and heat transfer rate engineering computations. Flow and temperature fields, heat transfer and thermal characteristics
of the system through the enclosure are examined for ranges of the heating number, Nr from 0.05 to 500, the cavity
aspect ratio, A = H/L from 0.1 to 1 and the number of heaters, N , is an odd number ranging from 1 to 19. In effect,
the cavity can be regarded as a receiver of a net heat input during the thermal loading which causes the increase of
temperature. The heat inflow to the cavity is larger than the heat outflow from the cavity, implying that net heat is
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Fig. 3. (a) Isotherm and (b) streamline contours without (dashed lines) and with (solid lines) considering the effect of temperature dependent
properties (N = 19; A = 0.5; ζ = 0.05).
Table 1
Grid convergence study at ζ = 55.31 with N = 11, A = 1.
1X Nu % Ψmax %
0.1 53.12 9.5522 285.46 2.3668
0.05 57.37 2.3157 274.93 1.4093
0.01 58.72 0.0170 280.15 0.4626
0.005 58.73 0.0 278.86 0.0
being exited from the top of the cavity. Therefore, there is a net heat output from the cavity. From the definition of the
Rayleigh number, Ra = gβq ′′L4/k f αυ, it is clear that for a given geometry and fluid properties Ra has linear relation
with q ′′. So the results only are present as a function of q ′′.
In order to solve the nonlinear governing equations a computer code based on SIMPLE finite volume is generated
and utilized. A converged solution was obtained by iterating in time until variations in the primitive variables between
subsequent iteration wereφoldi, j − φi, j  < 10−4 (22)
where ϕ stands for U, V, P , and θ . Also the under relaxation coefficient was set to 0.8, 0.8, 0.3, and 0.95 respectively.
All grids are Uniform in X and Y . Because of steep temperature gradients the grid independency is performed for
grid sizes between 0.1–0.005 and result are presented in Table 1. A grid size of 0.01 is selected where the deviation
between 0.01 and 0.005 for Nu is about 0.02%.
In order to verify the result the code is validated against the results given by de Vahl Davis [3] and Dixit and
Babu [7]. Results are obtained using 1X = 1Y = 0.02 mesh size at Ra = 104 and 1X = 1Y = 0.1 at Ra = 105,
106. There is a maximum of 6% deviation in Nu as shown in Table 2.
Fig. 3 is at a value of Ra = 10, N = 9, and A = 1 depict the isotherms of open cavity without and with considering
temperature dependent thermophysical properties. As demonstrates in Fig. 3 when constant thermophysical is used
for fluid flow and heat transfer calculations one circulation roll appears inside the cavity, a thin boundary layers on
the top horizontal wall and the isotherms are crowded around the heat sources. Isotherms around the heat sources are
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Table 2
Verification study with the benchmarks.
Ra Nu
a b This study
103 1.116 1.120 1.13
104 2.242 2.286 2.25
105 4.531 4.563 4.54
106 9.035 8.800 8.9
a de Vahl Davis [3].
b Dixit and Babu [7].
approximately parallel to the horizontal walls which show the dominance of conduction on that region. The bulk of
the fluid near the entrance is still at the environment temperature. The fluid moves towards the discrete heat sources
and gains more energy increasing its temperature and moving up. As proximity to the heat sources, the temperature
increases and above the heat sources the Isotherms distorted from the horizontal shapes which shows the dominance
of convection on that region. When it reaches the top wall, the outgoing fluid transfers heat to the wall by conduction
and its temperature decreases. At Fig. 3, the two isotherm groups approximately merge into a single pattern. Near
the upper left corner of the cavity, the temperature is highest owing to the rising fluid in the boundary layer on the
hot vertical wall; this reflects the fact that conduction has appreciable influence in the region of high viscosity. The
wavy shapes of the isotherms near the discrete heat sources shows that the influence of convection becomes effective
even at small input heat fluxes. Convective activities are intensified in the region of low viscosity and suppressed in
the region of high viscosity. The top wall is heated up due to radiation exchange and transfers energy by conduction
to the entering fluid. The isotherms graphs report that in all cases, because the surface thermal radiation exchange is
considered the isotherms are not perpendicular to the adiabatic walls.
The Fig. 3(b) work for as example to evaluate the effects of a variable viscosity. It shows the streamline at the
N = 17, A = 1, and ζ = 553.0953. From the streamlines graph is observed that, the air at ambient temperature
enters the cavity at the bottom and exits the cavity at the top. A clockwise recirculating pattern inside the cavity
is observed, which is driven by the buoyant force acting upon the fluid. For the calculation with just temperature
dependent thermal conductivity the flows subsequently grow in magnitude to their peak values, suggesting that the
fluid is more accelerating than the calculation with just temperature dependent viscosity. In the inviscid interior core,
the predominant vertical stratification is discernible. Clearly, the flow is concentrated in the region of low viscosity.
At a lower value of input heat flux, the location of ψmax at the entrance moves upward and the fluid circulates toward
the region of lowest viscosity. At small input heat flux, conduction layers are formed on the horizontal walls as well
as on the vertical walls. The flow intensifies to its peak magnitude at the middle of entrance. The flow decreases in
magnitude slightly afterward, and it tends smoothly to the steady state. The heat transfer between the fluid and the
horizontal bottom wall augments the overall convective activities. Also a small cell is generated near the symmetrical
line of the cavity in constant property case which does not exist in the temperature dependent property calculations.
Typical velocity components figures, which have not shown here, can show the maximum x-component of the
velocity at the inlet of the cavity because of fluid is accelerated from the motionless state to the peak value. Afterward,
the fluid decelerates slightly in the x direction but when it proceeds smoothly above the discrete heat sources accelerate
in the y direction again. Therefore, the maximum y-component of the velocity is at the middle position of the cavity
height near the symmetric line of the cavity.
By increase of input heat flux convective motions is intensified, the temperature field in the entrance region to be
stratified in the vertical direction. This fact is shown in Fig. 4(a). It is presumed that, at lower heat source’s heat flux,
the relative importance of viscous diffusion outweighs the effect of the negative temperature gradients near the center
of the cavity; therefore, the diffusive effects retard the development of the secondary rolls. As shown streamlines point
up that the fluid enters the cavity from the lower part of the opening, rises along the symmetry line and following the
upper horizontal boundary exits at the upper part of the opening. As expected, the flow pattern changes when the
effects of variable thermophysical properties at low aspect ratio and low heating ratios. While the considering the
constant thermophysical properties cause no much error in the temperature and flow fields in this case.
The corresponding streamline figure is shown in Fig. 4(b). The peak values of streamline for the both cases oc-
curred at the entrance region and the temperature dependent viscosity decelerates slightly and approaches the steady
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Fig. 4. (a) Isotherm and (b) streamline contours without (dashed lines) and with (solid lines) considering the effect of temperature dependent
properties (N = 19; A = 0.5; ζ = 0.5).
state. While when temperature dependent properties are assumed the temperature as well as the hot domain of the cav-
ity increases, see Fig. 3(b). Therefore the isotherm is less distorted by the flow and as a result they are more stratified.
In a variable-viscosity fluid, the convective motions inside the cavity are more vigorous than for a constant-viscosity
fluid. The flow enhancement (ψ) due to the decrease of viscosity near the hot wall surpasses the flow suppression due
to the increase of viscosity near the cold wall. The region around the heat sources are the region of lowest viscosity.
The isotherms near the cold wall in Figs. 3(b) and 4(b) tend to be more nearly parallel than those near the hot wall. In
the steady state, the interior core, in which a predominant vertical stratification exists, occupies a smaller portion of
the cavity than for the case of insulating walls. Considerable portions of the cavity near the horizontal walls are char-
acterized by an appreciable horizontal stratification, owing to the imposed horizontal wall boundary conditions (see
Figs. 2(b) and 3(b)). As shown by the assumption of temperature dependent properties, the temperature reach its max-
imum in nearest distances from the heat sources and the hot domain of the cavity is small and they are more stratified.
At larger aspect ratios, the convective circulatory pattern fills in most of the cavity. Fig. 5(a) shows the isotherms
at the N = 17, A = 1, and ζ = 553.0953. The explicit effect of a temperature dependent viscosity is obtained from
Fig. 5(a). The viscosity is a maximum at the cold vertical wall and a minimum at the hot vertical wall. Fig. 5 depict the
stream patterns and isotherms for a fluid under significant viscosity change inside the cavity. The concentration of flow
in the regions of low viscosity is discernible. At large input heat flux, the isotherms in the regions, which are close to the
solid boundaries, point to the existence of patches of different fluid flow configuration, especially near the heat sources
where a cold fluid partly cover hot fluid. Fig. 5(b) displays the results at higher Input heat flux. The overall patterns of
steady state solution are qualitatively similar to those shown in Fig. 3. At a large value of Input heat flux (see Fig. 5),
as for a constant viscosity fluid (see Fig. 5(a)), the secondary rolls merge at small aspect ratios. Since the viscosity
varies by substantial margins in the cavity, constant viscosity assumption, may not fully characterize the localized
phenomena. Especially in the upper region near the hot wall, viscosity is the lowest; therefore, the effective viscosity
is different. Accordingly, the local behavior in that region may be characteristic of the convection at a viscosity lower
than current state. These salient features for a constant-viscosity fluid were captured previously. The analysis of the
vorticity field, which is derived from the velocity field, could reveal the more facts about the fluid flow structure.
In Figs. 3 and 4 the plots of stream functions and isotherms for a constant-viscosity fluid is presented by dashed line
and the plots of stream functions and isotherms for a variable-viscosity fluid is presented by dashed line. Comparing
these results, it is vivid that the differences are more apparent in the thermal structures than in the flow patterns. The
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Fig. 5. (a) Isotherm without considering the effect of temperature dependent properties (dashed lines), with temperature dependent viscosity
(dashed-dot lines), with temperature dependent thermal conductivity (dotted lines), and with considering the effect of temperature dependent
properties (solid lines) and (b) streamline contours without considering the effect of temperature dependent properties (lines with circle markers)
and without considering the effect of temperature dependent properties (solid lines) (N = 19; A = 1; ζ = 553.0953).
streamline patterns are similar for the three cases, but the fluid moves faster in Fig. 5 as indicated by the density of
the streamlines due to the increase in the buoyancy force. However, the increase of the heating number causes that the
upper boundary layer becomes thinner and faster, the velocity of the airflow moving towards the aperture increases,
and the area that is occupied by the leaving hot fluid decreases compared with the one of the entering fluid. Near the
hot wall, viscosity is reduced substantially; convection sets in earlier, and the dominance of convection prevails in a
larger region than constant viscosity. Near the cold wall (i.e. bottom wall), the opposite effects take hold. One notable
difference is seen in the flow structure at large aspect ratios. In Fig. 4, the secondary roll appears, in contrast to the
flow pattern shown in Fig. 3. These features were also observed in previous studies. Comparisons of the circulation
patterns and isotherms for Fig. 5 and those described in Figs. 3 and 4 reveal considerable changes. Near the hot
wall, viscosity is lowered and the flow intensifies; near the cold wall, viscosity increases and the flow is suppressed.
However, the former outweighs the latter, and the global impact is to enhance the overall convective activities in the
cavity. The qualitative features shown in Fig. 5(b) exemplify the streamline of a constant viscosity fluid at large heat
source’s input heat flux. A perusal of the entire set of the results indicates that as input heat flux increases, the merging
of the secondary rolls takes place at small aspect ratios. Furthermore, as Input heat flux increases, the thickness of the
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Fig. 6. Vortex line without (dashed lines) and with (solid lines) considering the effect of temperature dependent properties (N = 19; A = 1; ζ =
0.5).
boundary layers near the horizontal walls decreases. Large positive values of ∂T/∂Y are seen near the upper region
of the cold wall and the lower region of the hot wall. The convective motions are vigorous in these regions.
The isotherms are so distorted especially near the heat sources, the hot domain of the cavity increases, and the fluid
flow is split into the two cells by the assumption of temperature dependent properties. The difference caused by the
temperature dependent thermophysical properties is such a great that it is possible to show the effect of temperature de-
pendent thermal conductivity and temperature dependent viscosity separately. Although the fluid flow and temperature
are coupled here but temperature dependent thermal conductivity make changes in the temperature field while temper-
ature dependent viscosity just made changes in the fluid flow field. The contours of the temperature dependent thermal
conductivity and the temperature dependent viscosity are not depicted here because they are similar to the isotherms.
Analysis of the velocity field demonstrates that the derivative fields of the velocity the overall behavior of the flow
structure. Hence, the vorticity field has to be analyzed. In contrast to the velocity field, it is not possible to find isolated
critical points in the vorticity field. Alternatively, vortex line integration illustrates the structure of the vorticity field.
Looking closely to Fig. 3 high values of vorticity exist near the walls. Because of linear relation of vorticity with
shear stress, the wall is the source of vorticity. Maximum vorticity exists at the top of the enclosure. The vorticity
pattern changes as the effects of thermal radiation are included. With lesser vorticity larger iso-vortexes, a zone with
negligible vorticity developed through the domain and vortex-lines less distorted by the heat sources. As input heat
flux increases, the magnitude of vorticity near the heat source exceeds that near the cold wall. A larger secondary
roll is apparent near the hot wall (see Fig. 6). The vorticity magnitude in constant temperature case is higher than
temperature dependent case and its maximum occurs near top wall.
Fig. 7 shows the effect of temperature dependent properties and the aspect ratio on the maximum temperature as
a function of heat flux for N = 15. With considering the effect of temperature dependent thermal conductivity for
the air, the thermal conductivity near the heat sources decrease which cause the increase in temperature at the same
heat flux applied on the discrete heat source. Also by increase of aspect ratio, the maximum temperature decreased
specially for shallow enclosures.
The effect of heat source number on maximum temperature as a function of heat source number with and without
considering the effect of temperature dependent properties for A = 0.4 is presented in Fig. 8. Considering the
temperature dependent thermophysical properties can make a non-ignorable change in the thermal fields and fluid
flow structure. An increase in heat source number results in an increase in the maximum temperature of the system.
Higher temperatures are found by assuming temperature dependent properties.
Fig. 9 shows the effect of aspect ratio on mean temperature as a function of heat flux with and without considering
the effect of temperature dependent properties for N = 15. Similar to the Fig. 7 by increase of aspect ratio the mean
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Fig. 7. The effect of temperature dependent properties and aspect ratio on maximum temperature as a function of heat flux (N = 15).
Fig. 8. The effect of temperature dependent properties and heat source number on maximum temperature as a function of heat flux (A = 0.4).
temperature decreased, but as illustrated ignoring the temperature dependent properties at low heat fluxes leads to a sig-
nificant error and underestimation of the mean temperature of the system. By increase of maximum temperature of the
system, while the minimum temperature is fixed, it is anticipated that the mean temperature of the system increased.
But, such an increase in the mean temperature of the system which is observed in the Fig. 7 shows that the thermal
conductivity of the system is changed in most of the system which led to increase the temperature in whole system.
The effect of heat source number on mean temperature as a function of heat source number with and without
considering the effect of temperature dependent properties for A = 0.4 is presented in Fig. 10. Similar to the Fig. 8
increasing the heat source number the mean temperature of the system increased. Furthermore, ignoring the temper-
ature dependent properties at low heat fluxes leads to a significant error in the calculation of the mean temperature of
the system rather than its maximum temperature.
The effect of the temperature dependent properties on the difference between maximum temperature of the system
and maximum temperature at top surface are illustrated in Figs. 11 and 12 respectively by increase of aspect ratio (for
N = 19) and heat source number (for A = 1). As exemplified for low aspect ratios the maximum temperature at
top surface is near to the maximum temperature of the system. On the other hand, by increasing the aspect ratio, the
difference between maximum temperature at top surface and maximum temperature of the system increases severely.
Increasing heat source number cause maximum temperature at top surface to increase linearly, while maximum
temperature of the system rises to its limit.
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Fig. 9. The effect of temperature dependent properties and aspect ratio on mean temperature as a function of heat flux (N = 15).
Fig. 10. The effect of temperature dependent properties and heat source number on mean temperature as a function of heat flux (A = 0.4).
Fig. 11. The effect of temperature dependent properties and aspect ratio on maximum temperature of the system and maximum temperature at top
surface as a function of heat flux (N = 19).
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Fig. 12. The effect of temperature dependent properties and heat source number on maximum temperature of the system and maximum temperature
at top surface as a function of heat flux (A = 1).
Fig. 13. Temperature profile at the top surface (N = 17; A = 1; ζ = 553.0953).
Temperature profile at the top surface for N = 17, A = 1, and ζ = 553.0953 is presented in Fig. 13 with
and without considering the effect of temperature dependent properties. Both profiles have local extremes in front
of each heat source. However, the top surface temperature profile is mostly affected by thermal radiation, because of
temperature increase in heat sources it increased. The same trend is detected in Fig. 14 the mean temperature profile on
the heat source surfaces for the case N = 11, A = 0.5 and for the various heating number, Nr = 0.05, 0.5, 5, 50, and
500 on each heat source. By increasing the heating number, the heat source surfaces temperature increased. In general,
the heat sources have the same temperature so the relative augmentation of the heat source surfaces temperature in the
middle and decline for heaters adjacent to the beginning is due to heat removal by convective heat transfer.
The Nusselt number profile on the wall bottom for N = 17, A = 1, and ζ = 553.0953 is exhibited in the Fig. 15.
As illustrated, the profile has self-similar fluctuations which the local maximums are in front of each heat source. By
the heat flux and maximum temperature of each case, the Nusselt number at the bottom wall can be calculated from
the Eq. (15). The effect of temperature dependent properties on the Nusselt number at the bottom wall as a function
of heat source number (for A = 1) and aspect ratio (for N = 7) are shown in Figs. 16 and 17 correspondingly.
However, the temperature dependent properties increase both maximum temperature of the system and the heat flux
at the bottom surface but the increase in heat flux is more than in temperature. Therefore, the cumulative effect is
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Fig. 14. Mean temperature profile on the heat source surfaces (N = 11; A = 0.5).
Fig. 15. Nusselt number profile at the bottom (N = 17; A = 1; ζ = 553.0953).
the increase on the Nusselt number. By increase of heat source number and aspect ratio, the average Nusselt number
increased. Furthermore, the Nusselt number profile has a maximum at the mid-range of heat flux. Because the increase
of heat flux of the heat sources leads to enhancement of the maximum temperature of the system more than heat flux
at the bottom wall.
As shown in Fig. 15 the heat flux profile at the bottom wall oscillate versus location and it can be displayed by the
average and amplitude characteristics in each case. In Figs. 18 and 19 the average of heat flux for the bottom wall as a
function of heat source number (for A = 0.7) and aspect ratio (for N = 15) are shown respectively with and without
permitting for the temperature dependent properties in CFD calculations. By considering the effect of temperature
dependent properties the average of heat flux for the bottom wall is increased. In addition, rise in heat source number
and aspect ratio tend toward the lessening of heat flux average in the bottom wall especially for the enclosures with
low aspect ratio.
Also in Figs. 20 and 21 the amplitude of heat flux variation for the bottom wall as a function of heat source
number (for A = 0.7) and aspect ratio (for N = 15) are presented respectively with and without allowing for the
temperature dependent properties in CFD calculations. By considering the effect of temperature dependent properties
the amplitude of heat flux for the bottom wall is increased. Increase in heat source number and aspect ratio leads to
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Fig. 16. Nusselt number at the bottom as a function of heat source number (A = 0.7).
Fig. 17. Nusselt number at the bottom as a function of aspect ratio (N = 15).
decrease in the amplitude of heat flux variation at the bottom wall in front of heat sources. This effect is severe for
shallow enclosures.
Finally, in the Figs. 22 and 23 the maximum dimensionless streamline as a function of heat source number (for
A = 0.7) and aspect ratio (for N = 15) are presented respectively with and without letting the temperature dependent
properties in CFD calculations. By considering the effect of temperature dependent properties, the viscosity of the
air is decreased. Thermal boundary layer has an important role in the maximum streamline. By increasing the
dimensionless temperature difference, the thickness of the thermal boundary layer on the heated wall and the volume
occupied by the cold fluid decrease slightly. It is noted that, by increasing the heating number, the thickness of the
thermal boundary layer next to the hot wall decreases, and the volume occupied by the cold fluid inside the cavity
increases. By decrease of the net power required to overcome friction in the cavity to move the fluid flow the maximum
dimensionless streamline is decreased. Upsurge in heat source number and aspect ratio make rise in the maximum
dimensionless streamline of the system. This conclusion for shallow enclosures is more significant.
4. Conclusion
Numerical investigation of thermal radiation effects in an enclosure, which is shaped by a constant temperature
wall in bottom, an adiabatic wall in top, two openings, and block heat sources, has been performed. The governing
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Fig. 18. Average of bottom heat flux as a function of heat source number (A = 0.7).
Fig. 19. Average of bottom heat flux as a function of aspect ratio (N = 15).
Fig. 20. Amplitude of bottom heat flux as a function of heat source number (A = 0.7).
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Fig. 21. Amplitude of bottom heat flux as a function of heat source number (N = 15).
Fig. 22. Maximum dimensionless streamline as a function of heat source number (A = 0.7).
equations is solved by finite volume method with a code wich has developed in previous work. The number of heat
sources in a symmetric problem was from one to nineteen; the heating number was varied from 5 × 10−2 to 5× 102,
and the cavity aspect ratio, A = H/L from 0.1 to 1. At first, the general fluid flow and thermal field configuration
for various cases was presented to study the effect of temperature dependent properties on the thermal and flow
characteristics of the system. Then a parametric study demonstrating the influence of the heating number, aspect ratio,
and the number of heaters on the maximum and mean temperature of system, the thermal loading characteristics of
the system, Nusselt number, and the maximum streamline was presented. The most important conclusion are:
• With considering temperature dependent properties the maximum temperature thought the cavity, the average
temperature of the system, and temperature on the top surface increases and the streamline values decrease.
• By increase of aspect ratio, the mean and maximum temperatures decrease.
• By increase of heat source number the mean and maximum temperatures increase.
• For shallow enclosures, maximum temperature at top surface is a good approximation of maximum temperature of
the system.
• By increase of heat source number and aspect ratio, the average Nusselt number at the bottom wall increased.
• With considering temperature dependent properties average Nusselt number and the average of heat flux at the
bottom wall increased.
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Fig. 23. Maximum dimensionless streamline as a function of aspect ratio (N = 15).
• Temperature profile at the top surface and Nusselt number profile at the bottom wall have local extremes in front of
each heat source. Therefore, the thermal loading temperature profile can be modeled by its average and amplitude.
• Increase in heat source number and aspect ratio leads to decrease in average of heat flux and the amplitude of heat
flux variation at the bottom wall in front of heat sources.
• Increase of heating number leads to increase in the heat source surfaces temperature of lamps. In general, the heat
sources have the same temperature.
• Increase in heat source number and aspect ratio leads to increase in maximum dimensionless streamline of the
system. This conclusion for shallow enclosures is more significant.
• Increasing aspect ratio caused the mean and maximum temperatures decrease.
• Increasing heat source number caused the mean and maximum temperatures increase.
• For shallow enclosures, maximum temperature at top surface is a good approximation of maximum temperature of
the system.
• Increase of heating number leads to increase in the heat source surfaces temperature of heat sources which
approximately being at the same temperature.
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